Abstract A reduced order modeling technique based on a system description in terms of orthonormal Laguerre functions, together with a Krylov subspace decomposition via the singular value decomposition is presented.
INTRODUCTION
Circuit simulation tasks, such as the accurate prediction of the behavior of large RLGC interconnects, generally requires the solution of very large linear networks. In recent years this has led to the development of reduced order modeling technologies such as Pad6 via Lanczos [l] , block Arnoldi [2] and passive reduced-order interconnect macromodeling (PRIMA) [3] .
Though quite different in implementation and numerical stability, most of these algorithms tend to obtain a low order Pad6 approximant of the system transfer matrix via Krylov subspace modeling. Some of these techniques are provably passive, partly because the model reduction scheme can be interpreted in terms of congruence transformations [4] . In this paper we propose an algorithm based on the decomposition of the system transfer matrix into orthonormal scaled Laguerre functions [5] , [6] . The link with Pad6 approximation, the block Arnoldi algorithm and the singular value decomposition (SVD) [7] permits a simple and stable implementation of the algorithm. As in PRIMA, the method is provably passive.
THE LAGUERRE CONNECTION
Using the modified nodal analysis (MNA) [SI, a lumped, linear, time-invariant strictly passive multiport circuit. of order N can be described by the following system of first-order differential equations:
Here, the vector x represents the circuit variables, x represents the time derivative of x, the N x N matrix G represents the contribution of memoryless elements, such as resistors, the N x N matrix C represents the contribution from memory elements, such as capacitors and inductors, the vector y is the output of interest, the vector U represents the excitations at the ports and the rectangular matrices L and B are of dimension N x p .
With unit impulse excitations at the ports and zero initial conditions, the Laplace transform of 'the circuit equations (1)-(2) yields the p x p port transfer matrix
and the corresponding p x p port impulse response matrix 
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where a is a positive scaling parameter and tn(t) is the Laguerre polynomial
It is known that the sequence {c$E(t)} forms a uniformly bounded orthonormal basis for the in the u-domain is equivalent to a an rn-th order Laguerre approximation in the s-domain. It should however be noted that Laguerre approximation is a global approach in 3c2, while Pad6 approximation is a local approach, in the sense that the validity of the Pad6 model is limited to the convergence disk of the underlying Taylor series. Regarding the Laguerre parameter cy, it can be shown [9] that an adequate value is a = 2n fmaz, where fmaz is the bandwidth of the system. 
THE KRYLOV-SVD CONNECTION
In virtue of the preceding section and the derivations leading to the PRIMA algorithm we can assert that the column-orthogonal matrix X associated with the block Arnoldi process as applied to the N x T Krylov matrix (r = p q )
yields a reduced order system described by
such that the reduced order transfer matrix
is a passive Laguerre approximant of order q -1 for the original transfer matrix.
The block Arnoldi algorithm [2] can be utilized to generate the column-orthogonal matrix X. In [9] it is shown that it is numerically more stable to use the left SVD column-orthogonal factor U of the Krylov matrix K instead of X in the reduced order modeling scheme.
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We take the lumped-element equivalent circuit for a three-dimensional electromagnetic problem modeled via PEEC [lo] (partial element equivalent circuit) as documented in [l]. The twoport (p = 2) circuit consists of 2100 capacitors, 172 inductors, 6990 inductive couplings, resulting in a MNA system of order N = 306. Reduced order Laguerre models of dimensions r = 2q = 60 and r = 2q = 90 are constructed using a = 107r109. Figure 1 shows IHlz(f)( versus their reduced order counterparts. It is seen that the q = 30, q = 45 Laguerre reduced order models are very close to the unreduced model up to respectively 2 GHz and 4 GHz. We also simulated a reduced order Laguerre model of dimension r = 2q = 120 and found it indistinguishable from the unreduced model over the 5 GHz frequency range.
